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ABSTRACT 

Ground-based optical spectra and Hubble Space Telescope images of ten core-collapse supernovae 
(CCSNe) obtained several years to decades after outburst are analyzed with the aim of understanding 
the general properties of their late-time emissions. New observations of SN 1957D, 1970G, 1980K, and 
1993J are included as part of the study. Blueshifted line emissions in oxygen and/or hydrogen with 
conspicuous line substructure are a common and long-lasting phenomenon in the late-time spectra. 
Followed through multiple epochs, changes in the relative strengths and velocity widths of the emission 
lines are consistent with expectations for emissions produced by interaction between SN ejecta and 
the progenitor star's circumstellar material. The most distinct trend is an increase in the strength of 
[O III]/([0 I]-|-[0 II]) with age, and a decline in Ha/([0 I]-l-[0 II]) which is broadly consistent with 
the view that the reverse shock has passed through the H envelope of the ejecta in many of these 
objects. We also present a spatially integrated spectrum of the young Galactic supernova remnant 
Cassiopeia A (Gas A). Similarities observed between the emission line profiles of the «330 yr old 
Gas A remnant and decades old CCSNe suggest that observed emission line asymmetry in evolved 
CCSN spectra may be associated with dust in the ejecta, and that minor peak substructure typically 
interpreted as 'clumps' or 'blobs' of ejecta may instead be linked with large-scale rings of SN debris. 

Subject headings: supernovae: general — supernova: individual (SN 1957D, SN 1970G, SN 1980K, 
SN 1993J) — supernova remnants — ISM: individual objects (Cassiopeia A) 



1. INTRODUCTION 

Optical spectra of core-collapse supernovae (CCSNe) 
beyond a couple years after maximum light are difficult 
to obtain due to their increasing faintness with time and 
thus are relatively rare. Given that the majority of CC- 
SNe occur at distances > 10 Mpc and fade at least eight 
magni tudes below pea k brightness within their first two 
years (Ki rshnen 119901 ) , observations have been largely 
limited to the first 700 days or so after maximum light 
when they are at apparent magnitudes < 20. 

However, in a handful of cases it has been possible 
to monitor CCSNe several years or even decades post- 
outburst. This may be because of a fortuitously nearby 
distance, such as SN 1987A in the Large Magellanic 
Cloud CD ~ 50 kpc: iKunkel et all ITOSTt iFteasti HQQI 
Ivan Leeuwen et al.l I2007D . or exceptional circumstances 
wherein some late-time energy source maintains opti- 
cal luminosity at observable levels. This latter scenario 
was first recognized in the l ate 1980 s with the optical 
re-detectioi is of SN 19 80K (Fc sen fc Bec ker 1988) and 
SN 1957D ()Long et al.iri989; .Turatto et al...l989.) . 

Of the various late-time mechanisms theorized to 
power CCSN emission at epochs > 2 yr, the most com- 
mon and best understood process is the forward shock 



^ 6127 Wilder Lab, Department of Physics & Astronomy, 
Dartmouth College, Hanover, NH, 03755 

2 P.O. Box 400325, University of Virginia, Charlottesville, VA 
22904-4325 

■^ Harvard-Smithsonian Center for Astrophysics, 60 Garden 
Street, Cambridge, MA, 02138 

* Osservatorio Astronomico di Padova, vicolo dell'Osservatorio 
5, 1-35122, Padova, Italy 

^ Now at: Harvard-Smithsonian Center for Astro- 

physics, 60 Garden Street, Cambridge, MA, 02138; dmil- 
isav@cfa.harvard.edu 



front and SN ejecta interaction with surrounding circum- 
stellar material (CSM) shed froni the progenitor star (see 
iChevalier fc Franssonll2003l 120061 and references therein). 
SN-CSM interaction emits across a wide spectral band 
spanning radio to X-ray. Optical emissions largely origi- 
nate from a reverse shock that propagates upstream into 
outward expanding ejecta t hat gets heated and ionized 
(jChevalier fc FranssonI [1994 1. The most dominant emis- 
sion lines are [O 1] AA6300, 6364, [O II] AA7319, 7330, 
[O III] AA4959, 5007, and Ha with broad linewidths 
> 2000 km s~^. Other proposed late-time mechanisms 
incl ude pulsar/magnetar interaction with expanding SN 
gas ("Cheva her fc Franssonl[T99l iKasen fc Bildstenll2010l : 
Woosley 2010) or acc retion onto a black-hole remnant 
(jPatnaude et alll2011[) . 

Studies of late-time optical emissions can yield kine- 
matic and chemical information about the SN ejecta and 
probe the mass-loss history and evolutionary status of 
the p rogenitor stars (jLeibundgut et al.]ll991l : iFesen et"all 
Il999f ). The evolution of line widths and differences be- 
tween the relative line strengths can distinguish between 
late-time mechanisms and be important diagnostics of 
the ejecta structure. 

Here we present optical images and spectra of ten CC- 
SNe observed during the relatively unexplored late-time 
transition phase between SN outburst and SN remnant 
formation. In Sections[2]and[3]we present and briefly dis- 
cuss high-resolution images and new low-resolution op- 
tical spectra of SN 1957D, SN 1970G, SN 1980K, and 
SN 1993 J along with archival late-time spectra of six 
other CCSNe. Common properties observed in these 
data are reviewed in Section [4] and then interpreted in 
the context of a SN-CSM interaction model in Section [5j 
Further investigation of these spectra follow from com- 
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Table 1 

Summary of HST Images 



Inst. Filter Aeon ApwHM Descriptive Date Exp Time Program No. /PI 

(A) (A) Notes (UT) (s) 

SN 1957D 

WFC3 



F336W 


3375 


550 


Johnson U 


17 Mar 2010 


2560 


F438W 


4320 


695 


Johnson B 


17 Mar 2010 


1800 


F502N 


5013 


47 


[O III] 


19 Mar 2010 


2484 


F547M 


5475 


710 


Continuum 


20 Mar 2010 


1203 


F657N 


6573 


94 


Ha + [N II] 


19 Mar 2010 


1484 


F673N 


6731 


77 


[SII] 


17 Mar 2010 


1770 



11360/R. O'Connell 



SN 1970G 


WFPC2 


F606W 
F656N 


5997 
6564 


1502 
22 


Wide-y 21 Apr 1998 
Ha 21 Apr 1998 


600 
1600 


6713/W. Sparks 


SN 1980K 


WFPC2 


F606W 

F814W 


5997 
7940 


1502 
1531 


Wide-y 19 Jan 2008 
Johnson / 19 Jan 2008 


1600 
1600 


11229/M. Meixner 



paring them to a spatially integrated spectrum of the 
young Galactic supernova remnant (SNR) Cassiopeia A 
in Section |6l and a summary of our findings is given in 
Section [71 

2. OBSERVATIONS 

2.1. Images 

High-resolution images obtained with the Hubble 
Space Telescope (HST) covering the sites of SN 1957D, 
1970G, and 1980K were retrieved from the IVIultimission 
Archive at Space Telescope (MAST) and Hubble Legacy 
Archive (HLA) maintained by the Space Telescope Sci- 
ence Institute (STScI) to examine the supernovae and 
their local environments. Table [1] lists the instruments, 
filter passbands with notes about their emission line 
sensitivies, dates, exposure times and program details 
of the observations. All images retrieved from MAST 
were manually co-added and cleaned of cosmic rays using 
the crrej and multidrizzle tasks in IRAF/PyRAPQ 
whereas those retrieved from the HLA were automati- 
cally drizzled by the archive through pipelined software. 

2.2. Spectra 

Late-time, low-dispersion optical spectra of four CC- 
SNe were obtained using a variety of telescopes and in- 
strumental setups. Below we describe the details of these 
observations. 

Spectra of SN 1957D were obtained on 2001 July 27 
with the FOcal Reducer/low dispersion Spectrograph 1 
(FORSl) at ESO/VLT at Paranal, Chile. The CCD de- 
tector has a scale of 0'.'2 pixel-\ and the GRIS300V 
grism with a GG435 filter was used with a 1" slit to 
produce spectra ranging from 4400 — 8700 A with full- 
width-at-half-maximum (FWHM) resolution of approxi- 
mately 10 A. Total exposure time was 1800 s obtained at 
an airmass of 1.7. An atmospheric dispersion corrector 
minimized potential effects of atmospheric refraction. 

Observations of SN 1970G were obtained on 2010 
March 12 with the 2.4 m Hihner telescope at MDM Ob- 
servatory on Kitt Peak, Arizona. A Boiler & Chivens 

® IRAF is distributed by the National Optical Astronomy Ob- 
servatories, which are operated by the Association of Universities 
for Research in Astronomy, Inc., under cooperative agreement with 
the National Science Foundation. PyRAF is a product of the Space 
Telescope Science Institute, which is operated by AURA for NASA. 



CCD spectrograph (CCDS) was used with a north-south 
1.5" X 5' slit, a 150 hues mm^^ 4700 A blaze grating, 
and a LG400 filter to block contaminating second-order 
light. Exposures totaling 2 x 3600 s obtained at culmina- 
tion at airmasses < 1.1 were combined. Resulting spectra 
spanned 4300 — 7900 A with resolution of 11 A. Condi- 
tions were mostly photometric with the seeing around 
1'.'2. 

The 2.4 m Hiltncr telescope at MDM was also used 
to obtain spectra of SN 1980K on 2010 October 9. The 
Mark HI Spectrograph with a SITe 1024 x 1024 CCD de- 
tector was used. A 1'.'2 x 4.'5 slit and a 300 lines mm~^ 
5400 A blaze grism were employed. A total of 2 x 3000 
s exposures were obtained at culmination around an air- 
mass of 1.1 with a spectral resolution of 7 A. Conditions 
were photometric with sub-arcsecond seeing. 

Spectra of SN 1993J were obtained on 2009 December 
9 with the 6.5 m MMT at Mt. Hopkins in Arizona using 
the HECTOSPEC optical fiber fed spectrograph. These 
observations were part of a survey of supernova remnants 
of M81. Spectra from the 1'.'5 diameter fibers cover the 
wavelength range of 3700 - 9200 A with FWHM resolu- 
tion of 5 A. Observations were obtained at an airmass 
of 1.3 with an atmospheric dispersion corrector in place 
and the total exposure time was 3600 s. 

These spectra were reduced and calibrated employing 
sta ndard techniques in IR AF and our own IDL routines 
(see lMatheson et ani2008f l. Cosmic rays and obvious cos- 
metic defects have been removed from all spectra. Wave- 
lengths were checked against night sky emission lines. 
Flux cali brations were fr o m ob servations of Stone, (,1977h 
and lMassev fc Gronwalll ()199G[ ) standard stars. 

3. LATE- TIME CCSN SPECTRA & IMAGES 
3.1. SN 1957D 

SN 1957D in M83 (D ~ 4.6 Mpc; ISaha et al.l 120061) 
was discovered by H. Gates on 1957 December 28 when 
the SN was well past maximum li ght in a spiral arm 
about 3' NNE of the galaxy nucleus (' Gates fc Carpentej 
Il958f) . The SN was followed photometrically on 1958 
January 16, 30 and February 14 when its photographic 
magnitude was 16.7. No spectrum was obtained during 
this early period. 

Approximately 25 yr after outburst, the SN was 



Late-Time Optical Emission From CCSNe 



SN 1957D 
HST/WFC3 



« 



* • 



'*0 



F502N 



* r 



F547M 




F657N 



t \' 






.-&* 



F673N 
i' , ' Si • ' .' - 












* -.1 






■**■ - « • ♦ 

'F336W 

Figure 1. HST WFC3/UVIS images of the region around SN 1957D 
images and all those that follow, North is up and East is to the left. 



recovered as a radio sour ce (jCowan fc Branch! 119821 : 
IPennington &: Dufour' '1983^ . Subsequent obse rvations 
by Long ct al, (1989) and Turatto et all ()1989D showed 
that its optical spectra were dominated by broad [O III] 
AA 4959, 5007 l ines. Additional follow-up observations 
by ILong et all (jl992[) showed that the optical flux had 
decreased by at least a factor of five between 1987 and 
1991, and Cappcllaro ct al. (1995) confirmed the rapid 
decline. [Pennington et al.l ([1982) suggested that the SN 
was produced by a massive Population I progenitor based 
on integrated colors in the surrounding region, corrobo- 
rating suspicion t hat this was a Type II or Ib/c event 
([Long et al.lll989[ ). 
In Figure [TJ we show high-resolution HST images of 



F438W • • 

obtained 2010 March. The location of the SN is marked. For these 

the region around SN 1957D which provide the first clear 
look at the supernova's neighboring stellar environment. 
The 0-rich SN is bright and unresolved in the F502N 
image. We estimate an [O III] A5007 flux of 3.4 ± 0.2 x 
10~^^ erg s~^ cm~^, which is a declin e from Apr il 1991 
when it was 1.8 x 10^^^ erg s^^ cm~^ ([Long et al.| [l992'). 
The SN is marginally detected in the Ha-sensitive F657N 
image where we see its location just outside a nearby 
H II region. The SN is also visible in the [S II]-sensitive 
F673N image with emission of the order of 2 x 10~^^ erg 
s~^ cm~^. Emission is stronger in the F673N image than 
in the F657N image, suggesting [S II] AA6716, 6731 line 
emission associated with shocked SN ejecta. 
The F336W and F438W images indicate that the rem- 
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nant is projected along the outskirts of a cluster of blue 
stars with dimensions of approximately 1" x I'.'S, or 25 
X 35 (d/4.6 Mpc) pc. Emission in these filter images, 
bright in the U and B passbands, is seen at the location 
of the SN, likely associated with nearby massive stars. 
The stellar environment of SN 1957D resembles the lu- 
minous SN re nmant in NGC 4449 as obser ved with HST 
(SNR 4449-1; iMilisavlievic fc FesenI [2008[) . This is an- 
other 0-rich, young remnant with an age of ~ 70 yr 
estimated from the ratio of anugular size to expansion 
velocity f|Bictcnholz ct al.ii201Qi) . 





_ 1 1 1 1 1 1 1 1 1 1 1 1 


1 1 1 1 1 1 1 


1 1 1 1 1 1 1 1 1 1 1 




SN 1957D 




~ 




2001 Jul 27 
: t = 44 yr 


Ha 

+ 


- 


X 

3 


" 


[Nil] 


■ 


> 

to 

0) 

ir 


[Olll] 


\ 


[S II] 

/ 




- HP 






J 1 i lA . , J 


1 k 1 


ill' 1 II jlll„l. 


ujtiiii 






vMfkff^ftWf 


I**™ 


ii 



4500 5000 5500 6000 6500 7000 
Wavelength [A] 



7500 



Figure 2. Optical spectrum of SN 1957D obtained with the VLT 
on 2001 July 27. Broad [O III] AA4959, 5007 emission originates 
from the SN, while the narrow Ha, [N II] AA6548, 6583, H/3, and 
[S II] AA6716, 6731 lines are associated with a nearby H II region 
(see Figure [ij. 

In Figure [21 we present a 2001 optical spectrum of 
SN 1957D, some 44 yr after outburst. Wavelengths 
have been corrected for the host galaxy's redshift of 
513 km s~^ and a blue continuum associated with back- 
ground starlight has been subtracted using a third order 
Chebyshev function. Narrow Ha, H/3, [N II] AA6548, 
6583, and [S II] AA6716, 6731 line emissions are associ- 
ated with the nearby H II region, and the sharp cut in 
the Ha profile is due to poor subtraction of this emis- 
sion. The dominant emission lines observed from the SN 
ejecta are broad [O III] AA4959, 5007. 

The half-width-at-zero intensity (HWZI) of the [O III] 
emission is approximately 1000 km s"""^, confirmed by 
measuring both from 5007 A to the red and 4959 A to- 
ward the blue. The measured [O III] AA4959, 5007 flux is 
5.5 ± 0.5 X 10~^^ erg s~ ] cm~^, which is c onsistent with 
the decline between the iLong et al.l ()1992D and the 2010 
ffST WFC3 F502N image measurements. In Figured we 
plot the handful of published [O III] fluxes. A clear de- 
creas e in flux is s een b etwe en previously reported v alues 
from lLong et al.l (|1992( ) and lCappellaro et al.l (|1995[ ) and 
the 2001 and 2010 measurements presented here. The 
last two measurements give the impression that the de- 
cline in flux has slowed or even leveled out. 

In Figure [H we show a comparison of the 2001 July 
[O III] line proflle of SN 1957D t o a spectrum obtained in 
1989 April (jTuratto et al.lll989f ). Some narrowing of the 
emission line of order —1000 km s~^ may have occurred 
between the ten years that separates the observations (~ 
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Figure 3. History of reported [O HI] AA4959, 5007 fluxes for 
SN 1957D. All measurements are from the spectral lines except for 
the 2010.3 HST observation which is from a narrow band [O HI] 
A5007 image and has been corrected to compensate for the unsam- 
pled A4959 line. 
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Figure 4. Emission line profiles of SN 1957D's [O III] AA4959, 
5007 emission in 1989 and 2001. Velocities are with respect to 
5007 A. 

100 km s^^ yr~^) although the signal-to-noise (S/N) ra- 
tio prevents a fir m conclusion . Our 1989 measurement is 
in agreement with lLong et al.l ()1992f) who reported [O III] 
emission line velocities in excess of ±2000 km s^^ in their 
optical spectra taken at a similar epoch. 

3.2. SN 1970G 

SN 1970G in MlOl (D ~ 6.7 Mpc; iFreedman etHI 
120011) was discovered by M. Lovas on 1970 July 30 
(iDetre fc LoyasI 119701) near maxi mum light (B = 11.5; 
lWinzeiill974tlBarbon et al.lll979D along the NW bound- 
ary of the galaxy's large H II complex NGC 5455. Opti- 
cal spectra showed Type II SN features with broad Ha 
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Figure 5. HST WFPC2 images of the region around SN 1970G obt, 
marking SN 1970G as one of the brightest objects in the field. Right 



ained 1998 April 21. LeJ'L: l'(506\V (Wide V) image in high contrast 
F656N image sensitive to Ha. 



emission (jKirshner et al.lll973l: iKirshner fc KwaDlll974D . 
It has been generally classified as a Type IIL based 
on its linearly de clining light curve (jBarbon et aLllTOTOl : 
lYoung fc BranchI HQSQ ). but a brief plateau phase be- 
tween day 30 and 50 and optical spectra exhibiting 
prominent P-Cygni line absorption features may make it 
a transitional object between IIP and IIL (Barbo n et al.l 
[1971 iTuratto et aI|[T990t iCappellar o et al.lll991l ). 

SN 1970G was the first supernova to be detected in 
the radio and remains the long est monitored radio su- 
pernova (jStockdale et al.l I2001D . Radio flux densities 
were relative ly constant for 3 yr before beginning to 
fade in 1974 (I Allen et al.][T976l: IBrown fc Marscheil[l978l: 
iWeiler et al.lll986D. Radio e mission was re-detected in 
1991 by Cowan ct al. (1991), prompting optical obser- 
vations by Fesen (^1993,) who obtained spectra revealing 
broad Ha and [O I] AA6300, 6364 emissions. 

Two optical HST images of the region around 
SN 1970G obtained in 1998 April are shown in Figure [5l 
To the south lies the large H II region NGC 5455. The 
F606W image shows three sources around the radio co- 
ordinates q(2000)=14 ^03"'00!88 5(2000)=+54°14'33'.'1 
(jStockdale et al.l [200 If ) center ed in the figu re. Although 
a finding chart published in iFesenI ()1993[ ) suggests the 
brighter, eastern source as the SN, alignment of these 
images with a CFHT MegaPipe image of the region 
(Group G002.308.620+60.034) having astrometric accu- 
racy < O'.'l favors the western source, and is the object 
marked in Figure [Sj The observed F606W/F656N flux 
ratio of this object is in agreement with the spectrum of 
the SN which shows broad Ha emission. 

In the top panel of Figure |6l we show a 2010 opti- 
cal spectrum of SN 1970G some 40 years after outburst. 
Wavelengths have been corrected for the host galaxy's 
redshift of 251 km s~^ and an underlying blue contin- 
uum believed to be associated with background starlight 
has been subtracted with a third order Chebysev func- 
tion. The spectrum is dominated by narrow H II region 
lines of [O III], Ha, H/3, [N II] AA6548, 6583, and [S II] 
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Figure 6. Top: MDM optical spectrum of SN 1970G 40 yr post- 
outburst. The narrow emission lines dominating the spectrum are 
from a coincident H II region. Bottom: Enlarged spectrum with 
H II region lines removed and line identifications marked. A blue 
continuum has been subtracted. 

AA6716, 6731. Noise around 7300 A is due to poor night 
sky OH subtraction. 
An enlarged portion of the spectrum with the H II 
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Figure 7. Optical images of SN 1980K. Left: Ha image obtained 
around the SN. Boxed region demarcates enlarged portion shown 
2010 March with SN 1980K marked. 

region hues manuahy removed is shown in the lower 
panel of Figure |6] in order to better see the faint un- 
derlying emission originating from the supernova. Ha is 
the strongest emission line and exhibits a mildly asym- 
metric profile shifted bluewa rd. Th e re is n o clear change 
from the profile described in iFesenI ()1993[ ). 

The estimated Ha flux (minus background and narrow 
H II region emission) is 1.7 ± 0.4 x 10"-'^^ erg s^^ cm^^, 
relatively unchanged fr om 1.8 x 10 ~^^ erg s~^ cm^^ mea- 
sured 18 years earlier (|Fesenl[l993[ ). The width of Ha is 
estimated to span 6410 A to 6690 A (-7000 to -1-5800 
km s 
km s 

6364 and narrow [S II] AA 6716, 6731 lines. The velocity 
width measured from data obtained in 1992 was reported 
to extend from —5200 km s~^ to -1-5600 km s~^, but this 
change is likely the result of improvement in S/N. 

Broad emission spanning 4780 to 5090 A showing a 
strongly blueshifted, gradually descending profile is de- 
tected. We associate the emission primarily with [O III] , 
but given the large implied blueshifted velocity (< —10^ 
km s~^) with respect to the 4959 A line, contribution 
from H/3 is likely. 

[O I] emission shows the same gradually descending 
profile as [O III]. We measure a velocity extension from 
6175 A (-6000 km s^^ with respect to 6300 A) to 6410 A 
(-1-2200 km s'-^ with respect to 6364 A) where it merges 
with the broad Ha. Broad emission centered around 
7240 A could be associated with t he fCa II] AA7291, 7324 
and/or [O II] AA7319, 7330 hues (|FtesCTl [l993'). Because 
[O II] is known to be a dominan t line in intermed iate- 
aged supernovae (see discussion in lFesen et al.lll99"9|) and 
the velocity line profile best matches the [O I] distribu- 
tion when centered with respect to 7325 A, we identify 
[O II] as the major contributor. 

Faint emission centered around 5810 A having a fuU- 
width-at-zero-intensity less than 100 A i s also weakly de- 
tected. It was not detected in the iFeseiil (|T993) spectrum 
and may be associated with blueshifted He I and/or Na I 
emission. 



3.3. SN 1980K 



in 1997 May with the 2.4 m Hiltncr telescope showing the environment 
in other panels. Middle and Right: HST/WFPC3 images obtained in 
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Figure 8. Top: MDM optical spectrum of SN 1980K 31 yr post- 
outburst. Bottom: Th e 2010 spectrum of SN 1980K compared with 
a 1995 spectrum from lFesen et aLl II1999I) . 

SN 1980K in NGC 6946 (D - 5.9 Mpc; 
iKarachentsev et aLll2000[ ) was discovered by P. Wild on 
1980 October 28 and re ached a pea k brightness oiV = 
11.4 in 1980 November (|Butalll982D . Photographic ob- 
servations showing an almost linear decline in brightness 
and spectra revealing broad Ha with minor P Cygn i 
absorption classify it as a Type IIL (jBarbon et al.|[T983) . 
Radio and X-ray e missions were detected about a month 
after maximum (jCanizares et al.l Il982t iWeiler et al.l 
|1986[) . Radio emissions were followed quite extensively 
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through 1996 (|Weiler et all [I992I: iMontes et all [T998I ). 
and more hmi ted X-ray obse r vations have been ob tained 
through 2004 (ISchlegel]ll99llSoria fc Pernal 120081) . 

The SN decHned steadily in the optical through 
1982 (Uomoto fc Kirshned 119861 ) but was detected in 
1987 nearly seven year s after maximum thr ough nar- 
row passband imaging (jFesen fc Beckeii [19881) . Follow- 
up low-dispersion optical spectra showed broad Ha 
and [O I] emission along with weaker line emission 
from [O III], [Fe II] A7155, and emission around 
7300 A identified as [Ca II] AA7291 7324 and/or 
[O III AA7319, 7330 (ll^n fc Becked [T99a lUomotdliggil: 
iLeibundgut et al.l I1991D . Further monitoring through 
1997 indicated no major changes in t he spectrum aside 
from steadily declining Ha emission ("Lcibundgu t et al] 
[1993; Fcscn fc Matonick 1994; Fcsen ct al. 1999). 

High resolution HST images obtained in 2010 March 
(Fig. [T]) show the environment of SN 1980K in de- 
tail never before seen. Two unresolved sources around 
the published coordinates of the supernova a(2000) 
= 20 ''35"'30!07 (5(2000) = -H60°06'23'.'8 (va n Dvk et al.l 
Il996[ ) are seen. We compared the images to an unpub- 
lished ground-based Ha image (Ac = 6564 A; AA = 30 
A) of the region obtained by R. Fesen on 1997 May 08 
using the Hiltncr 2.4 m telescope at MDM Observatory 
(also shown in Fig. [7]) to confirm that the supernova was 
the brighter, more westerly source. The other source, ap- 
proximately 0'.'55 away or 15 (d/5.9 Mpc) pc, has a rather 
steep color difference between the F606W and F814W 
images suggestive of a luminous blue star or very tight 
stellar association. 

The top panel of Figure [8] shows our recent 2010 spec- 
trum of SN 1980K with identified emission lines marked. 
The small recession velocity of 40 km s^^ of NGC 6946 
has been corrected. A weak blue continuum that trails 
off around around 5500 A may be due to light contam- 
ination from the projected companion seen slightly east 
of the SN in the HST/WFC3 images (Fig. ^. 

The Ha and [O I] lines exhibit broad, asymmetric emis- 
sion profiles strongly blueshifted with an emission peak 
around —2900 k m s~^. Emission ar ound 7300 A associ- 
ated with [O II] (jFesen et al.lll999| ) is weakly detected. 
Asymmetric emission spanning 4935 to 5010 A is identi- 
fied as strongly blueshifted [O III] . A narrow unresolved 
emission peak around 6558 A, seen in earlier spectra, is 
potentially due to a small H II region near the SN site 
or ionized wind material associated with the progenitor 
(jFesen fc Beckeiill990l : iFesen et al.lll995[ ). Another peak 
around 5003 A is also observed; if associated with [O III] 
A5007, this is at the same w —200 km s~^ blueshifted 
velocity of the narrow Ha line. Emission around 7090 A 
is likely associated with [Fe II] A7155 blueshifted —2700 
km s""'^, but some contribution from [Ar III] A7136 is 
possible. 

The bottom of Figure \8\ compares our 2010 spec- 
trum of SN 1980K with Keck spectra obtained in 1995 
(jFesen et al.l 119991) . [O I] and Ha show minor changes 
to their line profiles and overall reduction in emission 
strength, while the flux ratio of [O III] /Ha has increased. 
The overall [O II] fiux has decreased, but the true extent 
of diminishment is difficult to gauge firmly because of 
low S/N and poor night sky subtraction. 
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Figure 9. Observed Ha flux in SN 1980K over tiie period 1980- 
2010. 

The Ha line profile has a velocity width of —5300 to 
-f-6000 km s~^. The blueshifted emission width is nar- 
rower than the 1995 measurement of —5700 km s^^, and 
the redshifted width is slightly larger than the previous 
estimate of 5500 km s^^. The blueshifted velocity change 
does not follow the estimated rate of sa —4 00 km s~^ 
yr~^ first no ted by iFesen fc MatonicS (J1994D and later 
confirmed by IFesen et al.l (J1995I ). [O I] has a velocity of 
—4700 km s~^, which is considerably smaller than the 
—6000 km s~^ reported in spectra from 1995. The sub- 
stantial velocity change is likely associated with improved 
S/N. 

We estimate a broad Ha flux of 1.0 ± 0.2 x 10^^^ erg 
s~^ cm~^, which is a small drop from 1.3 ± 0.2 x 10~^^ 
erg s~^ cm~^ reported by, Fesen ct al] (jl999[ ) 15 yr ear- 
lier. In Figure a plot of all published Ha flux mea- 
surements shows an almost flat emission trend over the 
past two decades. Persistent Ha emission with lit- 
tle to no decline over several years is consistent the 
other SN Type IIL aheady discussed, SN 1970G, and 
with the handful of additional Type IIL SNc observed 
years post-outburst including SN 1979C (iFesen fc Beckeil 
ll990l : lFesen fc Matonicklll994l : lFesen et al.lll995n and SN 
1986E, whose brightness in R at eight years of age 
was almost the same it was two years after outburst 
(jCappellaro et al.lll995D . The origin of this emission has 
long been attribu ted to reverse shock-heated hydrogen- 
rich ejecta (e.g., IFesen et al. | |1999: Milisavlicvic et all 
I2009t see Section 5) although lSugerman et al.. (2012J ) sug- 
gest SN 1980K's Ha emission may have substantial con- 
tribution from scattered light echoes. 

3.4. SN 1993J 
SN 1993J in M81 (D - 3.6 Mpc; iFreedman eFall 



1 19941) was discovere d by F. Garcia on 1993 March 28.9 
(jRipero et al.l Il993f ) an d reached a maximum bright- 
ness oi V = 10.8 mag (jRichmond et all [1991) . Early 
spectra showed an almost featureless blue continuum 
with indications of broad but weak Ha and He I A5876 
suggesting a Type H event (jFilippenko et al.l Il993al : 
iGarnavich fc Annlll993D . However, the spectra quickly 
evolved to show He I lines associated with the Type lb 
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class (jFilippenko et al.lll993bD . thus acquiring the tran- 
sitional classifi cation Type li b (iFilippenko et al.lll993cD 
anticipated bv lWooslev et all ()1987[ ). 



been normalized to the [O II] emission lines to highlight 
the gradual increase in [O III] emission with respect to 
Ha. 
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Figure 10. Top: MMT optical spectrum of SN 1993J 16 yr post- 
outburst with line identifications marked. Bottom: The 2009 spec- 
trum of SN 1993J (abo ve) compared with a 1999 spectrum from 
IMatheson et al] l)2000al lbD and a previously unpublished 2001 spec- 
trum. 

The relatively isolated location and nearby distance of 
SN 1993J has enabled close monito r ing of emission in 
the X-rav (iZimmermann et al.l [19941: [Suzuki fc Nomotol 



1991 iChandra et all I2009D radio (iBartel et all 119941: 



van bvk et alT 11994: 'Bartcl et al." '2000': 'Wcilcr ct aL 
2007t ). and op ticallWooslcv c t a l. 1994: Filippenko et aL 



1994; Mathcs onetaLl l2000allbl : IFilippenko fc Matheson 
2003; .Fransson et al.l l2005j). Recently, photometric 



and spectroscopic observations a decade post-outburst 
detected the signature of a potential massive binary 
companion to the pro genitor star (Maund et al. 2004; 
IMaimd fc S^mTti][2009h . 

In the top panel of Figurelini we present a 2009 Decem- 
ber spectrum of SN 1993J. Identified emission lines have 
been marked, wavelengths have bee n corrected for a re - 
cession velocity of —140 km s^^ (Ma theson et al.ll2000bD . 
and a blue continuum has been removed using a third 
order Chebyshev function. In the lower panel of the fig- 
ure, our 2009 spectrum is plotted over and directly con- 
trasted with one obtained approximately 10 yr earlier by 
IMatheson et al.l ()2000ai rbl) and a previously unpublished 
MMT spectrum obtained on 2001 May 24 kindly pro- 
vided by T. Matheson and M. Modjaz. All spectra have 
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Figure 11. Emission line profiles in the spectra of SN 1993 J in 
1999 and 2009. In descending order, velocities are with respect to 
6300, 7 325, 5007, 4072, 7136, 65 63, and 5800 A. The 1999 spectrum 
is from IMatheson et al.l H20C)0al lE). 

The general line profile shapes and small-scale features 
of the strongest emission lines have not changed signifi- 
cantly (see Fig. [TT|) . However, the ratio of [O III] /Ha 
emission has increased by over an o rder of magni- 
tude, c ontinuing a trend first noted bv IMatheson et all 
(|2000a|) . Previous spectra showed a persistent Ha line 
that, up until day 2452 after outburst, dominated the 
spectrum with an unusual, box-like profile with veloc- 
ities in excess of ±9000 km s~^. However, [O III] is 
now the dominant emission feature. The profile main- 
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tains its pronounced asymmetry toward blueshifted ve- 
locities with a major emission peak centered around 
-3500 km s-^ We estimate a total [O III] AA4959, 5007 
flux of 9.5 ±0.2 X 10~^^ erg s~^ cm~^, implying a decline 
from the 1.6 x 10"^"* erg s~^ cm~^ measured in 1999. The 
velocity span of —5800 to -1-7000 km s~^ has remained 
unchanged. 

The [O II] AA7319, 7330 lines follow the same profile 
distribution as [O III], as does [O I] with the exception 
that at around 6365 A it begins to merge with Ha (see 
Fig. [11]). The [S II] AA4069, 4076 hues have become 
more pronounced, exhibiting a blueshifted profile sharply 
peaked at —3900 km s~^ and gradually sloping down to 
zero velocity. The blend of He I and Na I lines centered 
around 5800 A remains largely unchanged, though evi- 
dence for an emission peak centered around 5670 A has 
developed. 

Emission around 7050 A has several possible sources 
of origi n including He I A7065, j Fe II] A7155, and [Ar III] 
A7136. iMatheson et all ()2000aD attribute the feature to 
[Fe II] A7155. However, we found that centering the 
velocity distribution with respect to 7136 A provided 
a good fit with the [S II] profile (see Fig. E]). Thus, 
assuming a common origin for Ar and S from the Si-S- 
Ar-Ca interior layer of the progenitor star, [Ar III] A7136 
is likely the dominant contributor. 

3.5. Additional Late- Time CCSN Spectra 

To help place the spectra of SN 1957D, 1970G, 1980K, 
and 1993J in context with other CCSNe observed at 
similarly evolved epochs, we retrieved archival late-time 
spectra for several CCSNe where broad (HWZI > 2000 
km s""'^) line emission associated with metal-rich ejecta 
was observed at epochs > 10 yr. These objects in- 
clude SN 1979C and SN 1986E (SN IIL), SN 1986J and 
SN 1996cr (SN Iln), and SN 1987A (SN Ilpec). 

Also included was the ultraluminous, 0-rich super- 
nova remnant in NGC 4449, SNR 4449-1. SNR 4449- 
1 has no known classification, but properties of its 
late-time spectra and stellar environm ent are in line 
with a stripped-envelope prog e nitor (Seaauist fc Bignelll 
TOTJ IKirshner fc Blaid \l9m IBlair et al.l I1983L 119841: 



Milisavlievic fc Fesenll2008[ ). Recent work has suggested 



an age of ~7 yr, which is compar able to the CCSNe 
studied here (jBietenholz et al.]l2010t ). Spectra of all ten 
SNe are shown in Figure [12] with their properties and 
references listed in Table [2] 

Not included in our sample were some Type Iln CCSNe 
where strong Balmer emission associated with hydrogen- 
rich CSM dominates their spectra; e.g., SN 1978K 
( Rvder et a l. 1993; Schlcgcl et al. 199ji), and SN 1988Z 
( Aretxaga et al.l [1999]). Also not included was the 



unique event SN 1961V (jStringfellow et al.l I1988D in 
light of its debated nature and limited optical spectra 
([Goodrich et al."1989^, 'Filip penko eTaL[[l995l: iChu et al.l 
[2004: .Kocha nek et al. 2011). 

4. DISCUSSION 

As can be seen from Figure [T2l there is great variety 
in the late-time optical spectra of intermediate-aged CC- 
SNe. Nonetheless, there exist some similarities between 
these objects with respect to changes in emission line 
strengths and widths over time. For example, the three 



SN IIL objects SN 1970G, 1979C, and 1980K aU show 
broad Ha (~ 5000 km s~^) with the redshifted emission 
weaker than the blueshifted emission. These spectra also 
show comparable evolutionary changes in the strength of 
[O III] relative to Ha. On the other hand, quite differ- 
ent late-time emissions are seen for objects such as SN 
1986J and 1987A. Below we describe several properties 
that were found to be common to many of these spectra, 
and in Sections [5] and [6| we interpret their physical origin 
in the context of a SN-CSM interaction model and com- 
parison to the young Galactic supernova remnant Cas- 
siopeia A. 

4.1. Changes in Relative Line Strength and Width Over 

Time 

In cases where multi-epoch spectra with good S/N 
are available, the [O III] AA4959, 5007 and Ha fines 
change in strength relative to the [O I] AA6300, 6364 
and [O II] AA7319, 7330 lines. Namely, the flux ratio 
[O III]/([0 I] + [0 II]) increases with time, and in most 
cases Ha/([0 I] + [0 II]) decreases. This is clear in the 
spectra of three objects: SN 1980K between 1995 and 
2010 (see Figure [5]), SN 1993J between 1999 and 2009 
(see Figure llOp , and in previously publis hed spectra of 
SN 1 979C between 1993 and 2008 (Mil isavlievic et all 
120091 ). The fact that emission from the oldest SNe in our 
sample, SN 1957D and SNR 4449-1, are dominated by 
[O III] emission with no appreciable Ha is also consis- 
tent with the trend. 

However, some SNe remain dominated by Ha emis- 
sion over all observed epochs. For instance, SN 1970G 
is dominated by broa d Ha emission a s it ha s been since 
first observations by IKirshner et al.l ([19731 ). Although 
we detected [O III] emission at i = 40 yr, its overall Ha 
strength is far stronger than other CCSNe of compara- 
ble ages. In the same category, SN 1986E at 8 yr of age 
continued to be Ha-dominated with insignificant [O III] 
emission. The unique objects SN 1986J and SN 1987A 
also show weak or undetected [O III] emission. 

A handful of SN spectra in our sample show measur- 
able changes in the velocity widths of their emission line 
profiles. SN 1957D exhibited narrowing in its [O III] 
AA4959, 5007 lines of order 100 km s'^ yr"! (see Fig. [3]), 
a rate similar to changes in the velocity widths of for- 
bidden oxygen emissions in SN 1979C between 1990 and 
2008 (Mifisavljevic et al. 2009). Narrowing of order 25 
km s~^ yr~^ was also noted in SN 1979C's Ha emission, 
but only affecting blueshifted velocities. In some cases no 
velocity changes were measured, (e.g., SN 1993 J), while 
in other cases changes in velocity width could not be 
measured confidently owing to poor S/N and differences 
in detector sensitivity and/or spectral resolution (e.g., 
SN 1970G). 

Changes in velocity widths of emission line profiles are 
predicted to be good tests between various mechanisms 
of late-time emission ([Chevalier fc Fransson|[l9 92. 1994). 
In circumstellar interaction scenarios where the reverse 
shock penetrates into deeper layers of ejecta, the velocity 
widths of emission lines are anticipated to narrow. Alter- 
natively, scenarios involving a pulsar wind nebula where 
emission is powered by photoionization, line widths are 
anticipated to broaden because of acceleration by the 
pulsar bubble. With one exception, all SN studied here 
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Figure 12. Optical spectra of intermediate-aged core-collapse supernovae exhibiting broad HWZI line widths > 2000 km s~^. 



Table 2 

Details of Optical Spectra Presented in Figure [T2l 



SN 



Type Host Galaxy Distance (Mpc)^ 



References 



SNR 4449-1 




NGC 4449 


3.6* 


1957D 


II 


M83 


4.6 


1970G 


IIL 


MlOl 


6.7 


1979C 


IIL 


MlOO 


15.8 


1980K 


IIL 


NGC 6946 


5.9 


1986E 


IIL 


NGC 4302 


24.9* 


1986J 


Iln 


NGC 891 


10.2* 


1987A 


Ilpec 


LMC 


0.05 


1993J 


lib 


M81 


3.7 


1996cr 


Iln 


Circinus 


4.2* 



Bietcnholz ct al. (2010) 

Cap Dcllaro et al. (1995); This paper 

This paper 

Fesen et al. (1999) : Milisavljevic et al. (2009) 

^]ese^_et_aL ^999); This paper 

Cappellaro et al. (1995) '' 

Milisavlievic et al^2008 ): Leibundgut et al. (1991) 

Chugai et al. (1997) '^ 

Matheson et al. ^2000a|b); This paper 

Bauer et al' fKoSJ 



^ References to distance estimates provided in Sections0and[3]unlcss mark ed with an asterisk (*) i n which case they 
are mean distances reported by Nasa/IPAC Extragalactic Database at http ://ned.ipac.caltech.edu| 
Data retrieved from SUSPECT at |http://bruford.nhn.ou.edu/^suspect/indexl.htnil| 



Data retrieved from MAST at |http://archive.stsci.edu/| 
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show either no discernible change in their line widths or 
experienced narrowing of the order of ~ 100 km s~^ yr^^. 
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Figure 13. Bl ues hifted emission line profiles from spectra pre- 
sented in Figureini Top: [O III] AA4959, 5007 line profiles. Veloc- 
ities are with respect to 5007 A. Bottom: [O III] profiles compared 
to [O II] AA7319, 7330 profiles from the same epoch. Velocities are 
with respect to 7325 A. 



4.2. Blueshifted Line Profiles 

Blueshifted line profiles are quite common in the late- 
time CCSN spectra. Emission asymmetry is strongest 
in the forbidden oxygen lines, particularly [O III], but is 
also observed in Ha line profiles where it is generally less 
pronounced. The oxygen line profiles also show conspic- 
uous emission line substructure. 

The presence of blueshifts in many late-time CCSN 
spectra is illustrated in the top panel of Figure [131 where 
we show line profiles of [O III] emission for SN 1979C, 
1980K, 1993J, and 1996cr. These SNe exhibit noticeably 



asymmetric profiles dominated by blueshifted emission 
with velocities in excess of —3000 km s~^. SN 1979C 
and 1980K, showing very little redshifted emission, are 
extreme examples of this phenomenon. In the case of 
SN 1996cr, evidence for two blueshifted peaks can be 
seen. The blueshifted asymmetry and line substructure 
is also present in [O II] line emission, which is shown in 
the bottom panel of Figure [TS] 

These asymmetric oxygen emission line profiles suggest 
that internal absorption is obscuring emission from the 
SN's receding rear hemisphere. One candidate for this 
type of absorption at late epochs is dust formation in 
metal-rich eje cta much like that seen in SN 1987A (see 
lMcCravlll993l and references therein) . Beginning around 
450 days after optical maximum, SN 1987A exhibited an 
increase in infrared emission accompanied shortly there- 
after with a noticeable blueshift in the [IVIg I], [O I], 
and [C I] emission lines. The blueshift was attributed 
to an attenuation of emission from the receding side of 
the ejecta by dust grains formed within the ejecta, and 
the infrared excess associated with the subsequent re- 
radiation by the dust grains. 

Absorption due to dust in SN ejecta has also been sug- 
gested to explain the late-ti me asymmetric UV line pro- 
files observed in SN 1979C (jFesen et al.lll999f) . Double- 
peaked profiles with the blueward peak substantially 
stronger than the red were seen in C II] AA2324, 
2325, [O II] AA2470, 2470, and Mg II AA2796, 2803 
emissions. A handful of additional cases where dust 
format ion in ejecta has b een propo sed include SN 
19901 (lElmhamdi et al.ll2004D, 1999em (lElmhamdi ef^ 



[2551. 2003gd(ISugerma n et alliooafMeikle et al.l 2007 ^ 
2005af dKotaket al. 20061). 2007it (| Andrews et al.ll201ll ). 
and 2007od where it may have had a clumpy structure 
(jlnserra et al. 2011; Andrews et al. 2QM^. 

Alternatively, absorption by dust may take place 
in the cool dense s hell (CDS) in the shock region 
(jDeneault et al.|[2b03f) . This is a likely place for dust for- 
mation because of it s high density and low temperature 
(|Franssonlll984l : [Che valier & Fransson 1994). Assuming 
the CDS is formed behind the reverse shock (in the La- 
grangian reference frame), both the front- and back-side 
line emission will be absorbed by the dust, though hy- 
drodynamic mixing giving rise to a clumpy CDS can 
allow some emission to penetrate ([Chevalier fc BlondirJ 
Il995f ). Formation of dust in a CDS has been reported 
in at least three supernovae within months o f outburst 
including 1998S (Gcrardv et al. 2000), 20 05ip (iFox et al.l 
[200l lSniithiral.. .20091 . and 2006jc (Smith etal.ll2008D . 
It was also reported in SN 2004et, which exhibited a wide 
±8500 km s~^ box-shaped Ha emission about two years 
past outburst with a blueshifted profil e resembling many 
of the oxygen profiles presented here ([Kotak et al.ll2009[ : 
see Fig. 4 of that paper). 

However, it is important to note that not all su- 
pernovae in our sample show large and pronounced 
blueshifted oxygen or hydrogen line emission. SN 1957D, 
1986J, 1987A, and 1986E only exhibit relatively smaU ve- 
locity blueshifts of approximately —500 km s~^. Another 
exception is the ultraluminous oxygen-rich supernova 
remnant SNR 4449-1. Unlike the other supernovae of 
this group, pronounced asymmetry is seen in SNR 4449- 
I's [S II] AA6716, 6731 and [Ar III] A7136 emission profiles 
which exhibit blueshifted velocity distributions spanning 
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Table 3 

Shocked Ejecta Masses at the Epochs of Spectra 



SN 



Type Af_5/u„i 



Age 

(yr) 



M, 






H hne 



1993J 


lib 


2.4 


6 


0.1 


present 


1993J 


lib 


2.4 


17 


0.3 


weak 


1970G 


IIL 


6.8 


40 


2.2 


present 


1979C 


IIL 


11 


14 


1.3 


present 


1979C 


IIL 


11 


29 


2.6 


weak 


1980K 


IIL 


1.3 


31 


0.3 


present 


1986E 


IIL 


3 


8 


0.2 


present 



-2500 < Kxa < 500 k m s" 
iBietenholz et al.ll2010[ ). 



()Milisavlievic fc Fesen|[2008l: 



5. MODELS OF SN-CSM INTERACTION 

The optical emissions from the supernovae discussed 
here are hkely to be from circumstehar interaction, ex- 
cept for SN 1987A where radioact ivity is a plausible 
power source at an age o f 8 years (iChugai et al.l 119971 : 
iKozma fc Franssonlfl998allbl : iLarsson et alll20lH) . Thus, 
the changes in relative line strengths and widths of the O 
and H lines noted in Section[3]are useful tests of SN-CSM 
interaction models. 

If the supernova and circumstehar gas is evenly dis- 
tributed, the interaction is expected to lead to brighter 
optical emission from the reverse shock region as opposed 
to the forward shock because of th e higher density there 
CChcvalicr & Fransson 1994 I2003D . The forward shock 
generally is nonradiative, but radiative shocks can oc- 
cur in this region if the circumstellar gas is very clumpy. 
This is the l ikely source of the narrow lines in Type Iln 
supernovae (jChugai fc Danzig"eilll994[ ). 

Supernovae of Type IIL and lib show broader optical 
line emission and are plausibly described by the scenario 
of reverse and forward shocks. Estimates of the mass 
loss density for t hese events can be obtained from ra- 
dio observations (jWeiler et al.l 120021: [Montes et al.lll997D 
and are shown in Table |3l where M_5 is the progenitor 
mass loss rate in units of 10~^ Mq yr~^ and v^i is the 
wind velocity in units of 10 km s""'^. Several assumptions 
are made in obtaining these estimates; in particular, the 
preshock wind temperature is assumed to be 2 x 10* K 
and the shock velocity is 10" ^ km s ~^. The value for SN 
1986E is from iMpntes et al." (1997^ and is scaled to the 
lower hmit values of Weilcr ct al. (2002) on SN 1979C 
and SN 1980K. Overall, the wind densities are at the 
high end of wind densities estimated for red supergiant 
stars. 

In the initial phase of interaction, the gas heated 
at the reverse shock radiatively cools and there is 
optical emission from both the cooling shock wave 
and preshock ejecta that have be en radiatively heated 
(jChevalier fc FranssonI 11994 l2003f ). During this phase, 
the shock luminosity drops approximately as w^^j, where 
Vsh is the forward shock velocity. The transition to a 
noncooling phase occurs at 



tc 



0.0017(n 



Ve 



3)(n-4)(n 

-5.34 



ej 



104 km s- 




day, (1) 



where n is the power law exponent of the ejecta density 
profile and Vej is the highest velocity in the freely ex- 
panding ejecta. It can be seen that the result is very 
sensitive to n (expected to be in the range 7—12) and 
the velocity. By this estimate, the cases considered here 
are expected to be in the nonradiative phase, although 
iNvmark et all (|2009[) model SN 1993J as being in the 
radiative phase at an age of just 8 years. 

Another factor is the composition of matter at the re- 
verse shock. Equation ([1]) assumes solar abundances and 
an enhancement of heavy elements prolongs the radiative 
phase. The optical emission is expected to be mainly 
from the pre-reverse shock ejecta. Some emission from 
the cool dense shell built up during the radiative phase is 
possible, but that gas is expected to disperse with time. 

This model allows an estimate of the circumstellar gas 
that has been swept up by the forward shock front 



Mr 



M 



Vt = QMM^^v'lVityr Mq, 



(2) 



where V is the average velocity of the forward shock and 
V4 is in units of lO'' km s~^. The mass of shocked ejecta, 
Mf.j, is simply related to M^s if t he supernova de nsity 
profile is a power law with index n (|ChevalieHll982[ ) . For 
n = 7, we have Mej/Mcs — 0.82, which is the value used 
in Table [S] This value of n is smaller than the high value 
that might be expected at the outer part of the supernova 
because the reverse shock has moved in to the supernova 
at these late times. The mass ratio is a factor ^ 2 smaller 
for n = 6, and the same factor larger for n = 9. 

Within these uncertainties, the results in Table [3] are 
consistent with the view that the decline of H emission in 
these supernovae, where it occurs, is due to all of the H 
envelope having passed through the reverse shock wave. 
In the case of SN 1993J, models of the e arly supernova 
indic ate a H envelope mass of ~ 0.2 Mq (jWooslev et al.l 
Il994f ). This mass would have been shocked by the time 
of the observation at i = 17 yr, so there is no longer H 
present at the reverse shock. Type IIL supernovae are 
believed to have higher H envelope masses than Type 
lib events. For instance, IBlinnikov fc Bartunovl (|1993[ ) 
find that H envelopes with mass '^ 1 — 2 Mq are present. 
Thus, the disappearance of the broad H emission in SN 
1979C is consistent within this framework. The obser- 
vations of the H line compared to O lines are generally 
in accord with expectations, and there is the prediction 
that the H line in SN 1970G should fade in the not-too- 
distant future. 

Another expectation of the circumstellar interaction 
scenario is that the interaction leads to the deceleration 
of the gas near the reverse shock front. For the power 
law density profile, we hav e a radial expan sion i? oc i™, 
where m = (n-3)/(n-2) (|Chevaliei1ll"98l . The highest 
velocity at the reverse shock evolves as 
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km s yr , 
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where n = 7 is used for the reference value of m. The 
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Figure 14. Spatially integrated spectrum of the main shell of the 
Cassiopeia A supernova remnant. 



6. CCSNE AND SNRS: COMPARISONS TO CAS A 

In an effort to understand the nature of blueshifted 
and multiple peak emission line profiles and relate their 
features with kinematic properties of the optically emit- 
ting ejecta, a spatially integrated spectrum of the young 
Galactic supernova remnant Cassiopeia A (Cas A) was 
constructed. Cas A is the prototype for the class of 
young, oxygen-rich SNRs and pro vides a clear look at 
the explosio n dynamics of a CCSN (jvan den BerghilTOSSl : 
lFesenl[2001[ ). Recent detection of optical echoes of the 
supernova outburst indicate it was a Type lib event, 
probably from a red supergiant progenitor with mass 
10 — 30 Mq that may have lost much of its hydro- 



gen envelope to a binary interaction (iKrause et al.l 



2008; 



19961: 



Rest et al.' '20TT; ' Fabian et all 119801: IVink et al.l 
Young ct al. 2006). A nearby distance of 3.4 kpc has 
permitted detailed study of Cas A's composit ion and dis- 
tribu t ion of supernova ejecta on fine scales ()Reed et al.l 
Il995t iFesen et al]|2001[ ). and its estimated current age 
of faSSO yr places it at a stage of evolution not that dif- 
ferent from the intermed i ate-aged CCSNe of our sample 
(|Thorstensen et al.llMlt iFesen et al. '^2006). 

Our integrated spectrum of the Cas A SNR is presented 
in Figure [TH The spectrum was extracted from 80 long 
slit spectra spaced 3" apart across the entire main shell 
(approximately 4' in diameter) covering the wavelength 
region 4500 — 8000 A (resolution 7 A) from an investiga- 
tion of the remnant's three-dimen sional kinematic struc- 
ture (jMilisavlievic fc Fesen|[20T2t ). 

This spectrum has not been corrected for reddenin g 
which can vary 4 < Ay < 8 (jHurford fc FesenI I1996D . 
so [O III] emission is intrinsically much more dominant 
than the presented spectrum indicates. These spec- 
tra also largely omit emission from the remnant's slow- 
moving circumstellar material called quasi-stationary 
flocculi (QSFs). Additionally, the spectrum does not in- 
clude emission from the faint NE jet or other outer ejecta 
which contribute relatively insignificant optical fiux. 




-5000 5000 10000 
Velocity [km/s] 

Figure 15. [O I] AA6300, 6364, [O II] AA7319, 7330, and [O III] 
AA4959, 5007 line profiles from the integrated spectrum of Cas- 
siopeia A. 

6.1. Cas A's Asymmetric Emission Profiles 

The Cas A spectrum (Fig. [Ti)) shows pronounced 
blueshifted emission with conspicuous line substructure 
in [O I], [O II], [O III], [S II], and [Ar III]. These line 
profiles are all asymmetric, with bulk blueshifts peaked 
around —1700 km s~^ and a blue to red asymmetry that 
increases somewhat with higher ionization levels. The 
velocity line profiles of the forbidden oxygen lines are 
shown in Figure [HI The [S II] AA6716, 6731 and [Ar III] 
A7136 lines, not shown in Figure I15[ have comparable 
blueshifts of around —1700 km s~^. 

The Cas A spectrum appears similar to many of 
the intermediate-aged CCSNe exhibiting strong [O III] 
emission. Particularly well-matched with Cas A are 
SN 1979C, SN 1993J, SNR 4449-1, and to some degree 
SN 1980K (see Fig. \t^, which show strong blueshifted 
oxygen emissions and/or conspicuous line substructure. 

In Figure [m the [O III] emission line profile of the inte- 
grated Cas A spectrum is plotted along with the profiles 
of SN 1993J and SNR 4449-1 to highlight their similar 
spectral features. It is interesting to note that Cas A 
and SN 1993J were both Type lib SNe at photospheric 
stages, and here we see that they share late-time spectral 
features as well. 

Extensive multi-wavelength studies of Cas A allow 
strong ties to be made between the emission asymme- 
try and absorption due to dust in the ejecta. Cas A is 
the only Galactic supernova remnant that exhibits clear 
evidence of dust formed in its e j ecta (iLagage et al. 119961 : 
lArendt et aL|[T999l : [0^312001 IKrause et al.ll200l) . Es- 
timates of the total mass remain controversial, ranging 
over several orders of magnitude from less than 3 x 10"'^ 
IVIq to over 4 Mq. However, most recently Spitzer in- 
frared observations showed close overlap between the 
ejecta and dust maps of the remnant indicating freshly 
formed dust in the ejecta having a total dust mass in the 
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range of 0.020 - 0.054 M© (jRho et al.ll2008l) . 

6.2. Ejecta Rings: Are They Common? 

The three-dimensional kinematic properties of Cas A's 
ejecta have been s tudied in cons i derable detail 
jLawrence et al.' '1995'; 'Reed et aL| 119951 : iDeLanev et al.l 
[2010; Mihsavljcvic & Fcscn 201^ In general, Cas A's 
optical emission takes the form of an approximately 
spherical shell made up of several large ring-like struc- 
tures composed of O- and S-rich material with radii of 
~ 1' (~ 1 pc). Its brightest optical emission comes 
from two continuous rings of material along its north- 
ern limb which are distinct in velocity space: A larger 
ring of highly redshifted material spanning radial veloc- 
ities -1-5500 to km s~^, and a smaller ring of mostly 
blueshifted material spanning to —2500 km s~^. A 
handful of additional broken and complete rings con- 
tribute to a velocity asymmetry in the radial velocities 
of order -4500 to 6000 km s'^ 

The observed line profiles of Cas A's integrated spec- 
trum indicate that internal absorption obscures or 'hides' 
important kinematic properties of its ejecta. Given that 
the integrated profile resulting from a ring or torus of ma- 
terial suffering no opacity effects is double-peaked (such 
that each individual peak is centered at the approaching 
and receding velocity edges of the ring), a collection of 
co-added double-peaked profiles would be expected from 
the many ejecta rings that make up the remnant. In- 
stead, these rings manifest kinematically in the emis- 
sion line profiles as line substructure over top an over- 
all blueshifted distribution. Thus, the combination of 
internal absorption with the wide range of orientations, 
velocities, and discontinuities of the ejecta rings produces 
an integrated emission profile not indicative of its multi- 
ringed nature. 

Emission line substructure in late-time spectra of CC- 
SNe like that observed in SN 1993J and SNR 4449-1 
(Fig. [ini) is typically identified as 'blobs' or 'clumps' 
of eje cta (jMatheson et al.l I2000al : IMilisavlievic fc FesenI 
120081) . However, the multi-peaked line substructure seen 
in Cas A's emissions originate from its multi-ringed dis- 
tribution of ejecta. Hence, the similarity between the 
emission line profiles of the Cas A SNR and decades-old 
CCSNe raises the possibility that the long-lived emission 
line substructure of these extragalactic events may be 
linked with SN debris arranged in large-scale rings being 
excited by a reverse shock like that observed in Cas A. 

7. CONCLUSIONS 

Optical HST images and ground-based spectra of sev- 
eral CCSNe obtained years to decades after outburst 
were investigated in an effort to understand some of their 
late-time optical emission properties. New observations 
of SN 1957D, 1970G, 1980K, and 1993J were presented, 
examined, and compared to archival late-time spectra of 
six additional CCSNe retrieved from the literature (SN 
1979C, 1986E, 1986J, 1987A, 1996cr, and SNR 4449-1). 
Temporal evolution in the relative strengths and profiles 
of strong emission lines were inspected with particular 
attention to hydrogen and oxygen emissions. 

Properties common to the spectra were found to 
be consistent with an association between the long- 
lived late-time optical emissions and interaction between 
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Figure 16. [O III] AA4959, 5007 emission line profiles of SN 1993J, 
SNR 4449-1, and the integrated Cas A spectrum. Velocities are 
with respect to 5007 A. Conspicuous line substructure is seen in 
all three profiles. 

SN ejecta and the progenitor star's circumstellar ma- 
terial. Many objects exhibit conspicuously declining 
Ha/([0 l+[0 II]) and increasing [O III]/ {[6 l] + [0 II]) 
fiux ratios over time. Narrowing velocity widths of emis- 
sion lines were also seen in a handful of cases. These 
trends are consistent with predictions of SN-CSM inter- 
action models. The decline of H emission is most likely 
due to the H envelope having passed through the reverse 
shock wave, and the line narrowing the result of the de- 
celeration of the interaction shell between the SN ejecta 
and the CSM at a rate of -- 100 km s"^ yr'^ 

Asymmetric emission line profiles in oxygen and/or hy- 
drogen emissions with one or more blueshifted emission 
peaks were also found to be a common and long-lasting 
phenomenon. All spectra in our sample (see Fig. [T^ ex- 
hibit emission profiles having bulk blueshifts - but never 
redshifts - suggestive of dust formation within the ejecta 
or the CDS in the shock region. Many spectra also show 
conspicuous line substructure across ionization species. 

To further investigate the nature of these emission 
line asymmetries and substructures, an integrated optical 
spectrum of the 330 yr old Galactic supernova remnant 
Cas A was created to simulate what a CCSN remnant 
would look like as an unresolved extragalactic source. 
Blueshifted profiles with extensive line substructure were 
seen in the most prominent lines of [O I], [O II], [O III], 
[S II] , and [Ar III] . The kinematic properties of the ejecta 
were mapped with these line profiles. The multi-peaked 
line profiles were associated with previously identified 
large ring-like structures of high- velocity ejecta, and the 
lines' blueshifted velocities were linked to internal ab- 
sorption resulting from dust known to reside within the 
ejecta. 

Remarkable similarities are seen between the Cas A 
spectrum and the intermediate-aged CCSN spectra of 
our sample. The correspondence of late-time spectral 
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features between Gas A and SN 1993J is particularly 
strong, which is interesting given that both were Type 
lib events. The shared spectral features are consis- 
tent with the view that emission line asymmetry ob- 
served in many evolved CCSN spectra may be associ- 
ated with dust in the ejecta. Furthermore, the sim- 
ilarities between these supernovae suggest that emis- 
sion line substructures typically interpreted as ejecta 
'clumps' or 'blobs' in intermediate-aged CCSNe may ac- 
tually be linked with large-scale rings of ejecta as seen in 
Cas A. It is worthwhile to note that Cas A is not unique 
in the spatial distribution of it s metal-rich ejecta, as 
other young S NRs su ch as E0102 (iTuohv fc Dopital l 19831: 
lEriksen et ail [200lt IVogt fc Dopital 120101) ai^dN132D 
(jMorse et aiTll995l: l\^gt k Dopital l2011f ) also exhibit 
ejecta arranged in ring-like geometries. 
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